This study focuses on the spectrofluorimetric behavior of bisphenol A (BPA), 4-octylphenol (OP) and 4-nonylphenol (NP) in the presence of native and derivative cyclodextrins (CDs).
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NP ethoxylate from wastewaters, Bonenfant et al. analysed their inclusion complexes by UV-VIS and FTIR spectroscopies. 10 In the present paper, a complete analysis of the spectrofluorimetric behavior of BPA, OP and NP in the presence of β-CD, 2-hydroxyethyl-β-CD (HE-β-CD), 2-hydroxypropyl-β-CD (HP-β-CD), methyl-β-CD (M-β-CD), and heptakis(2,6-di-o-methyl)-β-CD (DM-β-CD) is performed. The rationale for employing derivative CDs was to determine the effect of substituents at the CD rims on analyte complexation. The objective is to know the appropriate conditions for the delineation of strategies mediated by organized media with analytical purposes, such as the development of advantageous methods for preconcentration, quantitation, and/or remotion of the studied micropollutants.
Experimental Reagents and solutions
All reagents were of high-purity grade and used as received. BPA, OP, M-β-CD, and DM-β-CD were purchased from Sigma-Aldrich (Milwaukee, WI, USA). NP and HE-β-CD were provided by Fluka (Buchs, Switzerland). Sodium hydroxide (NaOH) and methanol (MeOH) were obtained from Merck (Darmstadt, Germany). α, β and γ-CDs and HP-β-CD were acquired from Cyclolab (Budapest, Hungary). Hydrogen chloride was provided by Cicarelli (Bs.As., Argentina).
MeOH stock solutions of BPA, NP and OP of about 1.00 mg mL -1 were prepared and stored in dark flasks at 4 ºC. From these solutions, more diluted methanol solutions (ranging from 0.050 to 0.250 mg mL -1 ) were obtained. Working aqueous solutions were prepared immediately before their use by taking appropriate aliquots of methanol solutions, evaporating the organic solvent by use of dry nitrogen and diluting with ultrapurified water 
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from a Millipore system (Massachusetts, USA) to the desired concentrations. Stock solutions of CDs were prepared in ultrapurified water.
Apparatus
Fluorescence measurements were done on a PerkinElmer LS 55 luminescence spectrometer equipped with a xenon discharge lamp (equivalent to 20 kW for 8 µs duration) and connected to a PC microcomputer, using 1.00 cm quartz cells. Instrumental parameters were: excitation and emission slits of 5 or 10 nm, photomultiplier voltage 700 V, scan rate 1500 nm min −1 .
The excitation wavelengths were 220 and 278 nm for NP and OP, and 225 and 278 nm for BPA. The emission wavelength was 307 nm in all cases. The temperature of the cell holder was regulated using a Lauda (Frankfurt, Germany) Alpha RA8 thermostatic bath. The pH of solutions was measured with an Orion (Thermo Scientific) 420 pH meter equipped with glass and Ag/AgCl reference electrodes.
Influence of cyclodextrin concentrations
The effect of the concentration of CDs on the fluorescence spectra of the BPA, NP and OP was studied by preparing aqueous solutions containing a fixed concentration (500 ng mL -1 )
of each analyte and CD concentrations ranging from 0 to 1×10 -2 mol L -1
. With the purpose of obtaining the blank signals, a similar procedure was also performed in the absence of analyte.
Finally, blank signals were subtracted from the corresponding spectra and the plot of the corrected fluorescence intensity at a maximum as a function of CD concentration was obtained.
Influence of the pH
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The changes in the fluorescence intensity of BPA, NP and OP, and their β-and modified β-CD complexes as a function of pH were studied by the following procedure: to 50 mL of stirred hydrochloric acid solution (C HCl ca. 1×10 -4 mol L -1 ) of the analytes or their CD complexes, NaOH solution (0.1-1 mol L -1 ) was added in small increments (0.01-0.5 mL).
For each pH point, a known aliquot of solution was extracted and the fluorescence spectrum was read. In all experiments, the CD concentration was kept at 2×10 -3 mol L -1 , and the initial concentrations of the analytes were 500 ng mL -1 , except for the assay of BPA in the absence of CDs. Due to the low fluorescence signal exhibited by BPA in aqueous solution, in the latter experiment the BPA initial concentration was 1000 ng mL
The temperature was maintained at 25 ºC. The measurements were performed in duplicate.
The profiles of fluorescence at λ exc = 278 nm vs. pH were used to calculate the deprotonation constant values of the studied compounds in the excited state, both in the presence and in the absence of the selected CDs. These calculations were performed with the aid of the PKFIT program, 11 which is based on a least-squares procedure and can be obtained from the authors on request.
H NMR spectra
Proton NMR spectra were recorded on a Bruker Avance (Karlsruhe, Germany) AC-300
NMR spectrometer operating at nominal frequency of 300.13 MHz. All spectra were run in d6-DMSO solution. The chemical shifts (expressed in the ppm scale) were referenced against TMS using the solvent signal as a secondary reference (δDMSO = 2.5 ppm). The higher solubility of BPA, NP, OP and β-CD in DMSO with respect to water allowed us to work with higher concentrations (i.e., 
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AM1 calculations
Ground-state geometry optimization of the proposed structures for the inclusion complexes was performed with the AM1 program contained in the HyperChem package (Hypercube, Inc.) version 7.02.
Results and discussion
Fluorescence spectra Fig. 2 shows the fluorescence spectra for the studied EDs, with excitation maxima at about 220 and 275 nm, and emission maximum at about 307 nm, resembling those of estrogens in aqueous solution. 12 As can be appreciated, the studied compounds display low native fluorescence intensity, especially that corresponding to BPA, and Raman bands from water are clearly visualized. However, the addition of selected organized media to these solutions leads to an increase in fluorescence intensity of different magnitude, depending on the evaluated system (Fig. 2 ). This fact is rationalized as indicative of a complex formation, and from the changes in the fluorescence intensity, the formation constant value for the inclusion complex can be determined.
Effect of cyclodextrins
It was corroborated (see below) that the fluorescence intensities of three studied EDs are maxima when they remain in their neutral structures (pH<9) which, in turn, are optimal for inclusion complex formation with CDs. 13 Therefore, the subsequent experiments were conducted at neutral pH.
Among the three major CDs, namely α-, β-, and γ-CDs (constituted by six, seven, and eight glucose units, respectively), only β-CD produced significant enhancements of the signals, suggesting that this CD has the appropriate size for complex formation in solution.
Therefore, the evaluated CDs were β-CD derivatives such as HE-, HP-, M-, and DM-β-CDs. where F and F 0 are the observed fluorescence intensity in the presence and absence of CD, φ and φ C are the fluorescence quantum yields of the free and complexed analyte, respectively, and K 11 is the corresponding association constant. The experimental data for OP and NP systems, and those for BPA in the presence of β-, HP-β, and M-β-CDs were successfully fitted to eqn 2 by a non-linear least-squares procedure, and the corresponding K 11 values for the inclusion complexes were obtained ( Table 1 ). The good fit of each plot (Fig. 3 ) supports the existence of complexes with 1:1 stoichiometric ratio for these systems.
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For comparison, 
where ∆F is the difference between the fluorescence intensity in the presence and in the absence of CD, and ε C and ε are the molar absorptivities with and without CD. The constant values attained by this procedure are very similar to that obtained by non-linear regression, and the good fit obtained (Fig. 4 ) also suggests the existence of 1:1 complexes.
A rapid inspection of the K 11 values in Table 1 allows us to conclude that the interaction between the three EDs and the studied CDs is very strong. This fact could be explained on the basis of the significant hydrophobicity of the studied guest molecules which find in the CD cavity a favorable non-polar environment, favoring the inclusion complex formation. As a consequence, the analytes are protected from non-radiative decay processes occurring in the bulk solution, and thus the fluorescence emission is favored. This fluorescence enhancement produced through complex formation is very significant in the BPA systems. In fact, the fluorescence intensity of BPA increases about 60 times in the presence of derivative β-CDs (e.g. M-β-CD).
From an analytical point of view, these results may be highly useful and auspicious, considering potential applications of CDs for ED extraction in natural matrices, and for the development of sensitive fluorescent methods for ED determination.
The constant value obtained for the BPA-β-CD complex (log K = 4.85) is similar to those reported by different authors in aqueous solution (Table 1) . On the other hand, it is not surprising that the constants for complexes formed by BPA and HE-, DM-, and β-CDs in a 10 % v/v MeOH-phosphate buffer medium are slightly lower than those here obtained in aqueous solution. In these cases, MeOH would compete with the analyte for the inclusion phenomena. To the best of our knowledge, with the exception of the latter papers, CD inclusion constant values for BPA, OP, and NP were not previously reported in the literature.
In comparing the stabilities of the 1:1 BPA-CD complexes, while insignificant differences are observed between the native β-CD and their hydroxyethyl and hydropropyl derivatives, the complexes formed with o-methyl derivatives seem to be more stable. This fact could be explained on the basis of a possible inductive effect of methyl groups in the o-methyl derivatives on the oxygen lone electron pairs, with the concomitant formation of stronger hydrogen bonds with the free phenol group. A similar conclusion was given by Kitano et al. which ascribed the larger stability of the BPA-DM-β-CD complex to the extension of the non-polar cavity by the substituents at the rim of the CD molecule. 7 The dissociation constant values for the phenol group of BPA in the presence of o-methyl derivatives would corroborates this hypothesis (see below).
The complexes formed by BPA are slightly more stable than those formed by OP, which are in turn slightly more stable than those formed by NP. In the OP and NP systems, the presence of hydroxyethyl and hydroxypropyl substituents in the β-CD molecule does not significantly modify the complex stabilities. However, larger inclusion constant values are verified in the OP and NP systems formed by o-methyl derivatives, suggesting participation of these substituents in the complex formation.
As can be observed in Fig. 3 , the plots corresponding to BPA-HE-β-CD and BPA-DM-β-CD systems show a different behavior from the previous analysed ones: after the largest fluorescence signal is achieved, a further addition of either HE-or DM-β-CD leads to a fluorescence decrease (more marked in the case of HE-β-CD). In principle, this fact could be ascribed to the formation of a 1:2 BPA-CD complex with a lower intrinsic fluorescence:
where K 12 is the cumulative constant for the 1:2 complex. In these particular systems, the simultaneous presence of both 1:1 and 1:2 complexes can be considered, assuming that the The good fitting results reached for BPA-HE-β-CD and BPA-DM-β-CD systems (Fig. 3) suggest that the above considerations are appropriate. The stepwise constant, K st , for the formation of the 1:2 complex from BPA-CD and CD is given by:
and can be calculated from the global K 11 and K 12 constants. The small values obtained for these stepwise constants (Table 1) 
Influence of pH in the fluorescence signal
The acid-base spectrofluorimetric titration curves of the studied systems showed that the fluorescence intensity is largest and remains almost constant below pH 9, and decreases at more alkaline values. As an example, Fig. 5 shows the results corresponding to BPA alone and in the presence of M-β-CD.
The emission profile of each analyte as a function of pH is related to the fluorescence properties of its protonated and deprotonated species. Thus, the above experiments allowed us to calculate the deprotonation values of the phenol groups of the studied molecules ( It should be noticed that these experiments were made at CD concentrations that guarantee a high percentage of complexed analyte, ensuring that the measured pKa values correspond to the complexed analyte rather than to the free one. In fact, using the association constants given in Table 1 , and considering the employed concentrations of CD and analyte, the percentages of formed complex ranged between 94 and 99 %. Thus, the measured acidity constants involved a very significant contribution from these complexes, and safer conclusions from the acid-base behavior can be elaborated.
While two deprotonation constants are clearly identified in free BPA, after inclusion into the CD cavity, only a single phenol group is able to deprotonate. In the BPA-β-CD system, the calculated pKa value is similar to pKa1 of free BPA, suggesting that this part of the Table 3 . 
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On the other hand, in both OP and NP systems, two main inclusions modes of the guest in the cavity can be considered: 1) inclusion of the alkyl chain (tail-mode), and 2) inclusion of the phenolic ring (head-mode). Since slight but sensitive shifts in the resonances for the aliphatic chains of both OP and NP are observed when they are complexed (tail-mode), evidence of van der Waals interactions of these molecular moieties with the studied CD cavities is provided. A similar conclusion was attained by Bonenfant et al. for the NP-β-CD complex through FTIR spectroscopic analyses. 10 The obtained 1 H NMR results are in agreement with the acidity constant data obtained in aqueous solution, despite the fact that the NMR study was performed in DMSO.
Semiempirical MO calculations using the AM1 Hamiltonian (or AM1 method) in the frame of the Hyperchem program are frequently used to study geometrical and thermodynamic properties of organic molecules, particularly when hydrogen bonding occurs.
Isolated CDs and the three analytes were first optimized. Then, each analyte was included into the evaluated CD cavity and the geometry was refined again. These calculations were performed by placing the complexes in a box containing 830 water molecules. Several initial modes of inclusion were probed and optimized by energy minimization. The structures of the BPA-CD complexes leading to minimum heats of formation (Fig. 6) render negative values in all cases and they agree with the above 1 H-NMR results. Geometry optimization for both OP and NP-CD complexes shows that these analytes prefer one of the two possible axial modes (tail and head) of inclusion: the form where the host molecule enters the CD cavity from the alkyl chain, according to the conclusion obtained above (Fig. 6 ). For comparison, Table 4 shows the heat of formation for OP and NP-CD complexes considering the two different insertion modes.
Analytical parameters
The significant enhancement of the fluorescence intensities of the studied compounds in the presence of selected CDs can be used for quantitative purposes. According to the above results, M-β-CD at a concentration that ensures the largest fluorescence signal was selected for building calibration curves. For comparison, the construction of curves in the absence of this CD was also carried out and, in order to evaluate the effect of the selected excitation wavelength on the calibration parameters, different maxima were tested. Because the goal is to detect low concentrations of EDs, no attempts were made to establish the upper concentrations of the linear ranges, and restricted concentration ranges were evaluated. Table   5 summarizes the obtained results.
Limits of detection and quantitation have been calculated using the expressions recommended by IUPAC:
Where s y/x is the standard deviation of the regression residuals, b is the slope of the calibration curve, and h is the sample leverage at zero analyte concentration. The factor 2t 0.05,19 in eqn (7) is the sum of t-coefficients accounting for Type I and II errors (false detects and false non-detects, respectively) at 95 % confidence level and n-2 degrees of freedom (n is the number of calibration samples). Eqn (7) takes into account the error propagation from both the slope and the intercept of the calibration curve. The factor 10 in Eqn (8) ensures a maximum relative error of 10 %.
As expected, calibrations in the presence of CD render excellent results, with detection limits in the range 4-10 ng mL -1 for the three EDs, with relative standard deviations (n = 5) of 2-4%. The advantage of using M-β-CD in the determinations is especially noteworthy in the BPA system. In comparing the results using different maximum excitation wavelengths, one may note that the difference is significant in the systems containing the organized medium. This result can be justified considering the relative intensities of the two excitation maxima in the latter systems.
Although there are numerous papers devoted to the determination of BPA and other EDs in different matrices, here only a few were selected for discussion. In a recent review, more than forty references related to the analysis of BPA in environmental, food and beverage samples using sensors and biosensors of different nature have been cited. 23 In these works, a wide range of limits of detection are exposed, including values from about 1×10 -5 to 50 ng mL -1 . A selective but not very sensitive method (LOD = 120 ng mL -1 ) for BPA detection based on surface-imprinted core-shell Au nanoparticles and surface-enhanced Raman scattering has been reported. 24 Following an ionic liquid dispersive liquid-phase microextraction and a subsequent chromatographic analysis, BPA, OP and NP were determined in water samples at spiked concentrations between 7.5 and 180 ng mL e Slope (standard deviation in the last figure within parentheses). f Analytical sensitivity: γ =/b/s y/x , where s y/x is the standard deviation of the regression residuals.
g Limit of detection calculated according to eqn (7) .
h Limit of quantification calculated according to eqn (8) .
i Relative standard deviation. In all cases five replicates were measured (C OP = C NP = 111 ng mL -1 ; C BPA = 413 ng mL -1 ). ; λexc = 278 nm. 
